ABSTRACT The unilateral axle-counting sensor, as a new type of axle-counting device, is gradually substituting other axle counters owing to its simple structure and great performance, which lead to an excellent application prospect. In this paper, we analyze the working principle of this sensor and establish an equivalent magnetic circuit model based on the sensor structure characteristics and its spatial relation with the track and wheel. In addition, we propose a rapid calculation method for magnetic circuits based on the division of the magnetic flux area according to the magnetic flux distribution characteristics of the sensor and provide the calculation expressions of reluctance for each area; furthermore, we calculate the induction electromotive force generated in the induction coils. Using 3-D finite-element method and the actual measurement of the induction electromotive force, the correctness and rapidity of the magnetic circuit model and the method of calculating the induction electromotive force are proved.
I. INTRODUCTION
Recently, with an increase in the traffic volume and operation complexity, the technical requirements of the railway infrastructure have increased [1] , [2] . In railway safety, occupancy-detecting devices are extremely important, as they are used for detecting whether a railway section is occupied and then giving a judgement on whether a train can pass through the section. The use of these devices can avoid the collision of trains and improve the safety of railway operation [3] , [4] .
The unilateral axle-counting sensor (hereinafter sensor), as a new type of axle-counting device, has many advantages over the bilateral axle-counting sensor. First, it can reduce the interference caused from the traction current magnetic field to the excitation and induction coils because the coils' magnetic field lines are aligned parallel to the railway track direction [5] . Second, the sensor has more comprehensive functionality than other axle-counting sensors because it can count the axles while detecting the driving direction and speed of the train. Finally, the excitation coil and induction coils of the sensor are installed in the same shell, making the sensor easy to install, easy to maintain, and less expensive.
So far, the unilateral axle-counting sensor has been scarcely researched globally, and most of the research has been focused on the bilateral axle-counting sensor [6] , [7] .
Zamani and Mirabadi [8] - [10] determined the optimal installation angle of the excitation coil and induction coils by evaluating the distribution of the bilateral axle-counting sensor magnetic field by using the finite-element method (FEM) and Kriging method. Yasukawa et al. [11] analyzed and evaluated the magnetic field distribution at different location relations between the track and sensor; determined the optimal spatial location relations among the sensor's excitation coil and induction coils and the track; and then selected the optimal angle of the coils. Allotta presented an innovative train detection algorithm with the aim of estimating the railway vehicle speed based on the bilateral axle-counting sensor, its crossing time instants on the sleepers, and finally, its axle number, where all inputs were processed through cross-correlation operations to extract the required information in terms of speed, crossing time instants, and axle counter [12] .
A magnetic circuit method that is rapid and simple is used in the preliminary design and to optimize various electromagnetic devices. Jin et al. [13] used the magnetic circuit calculation method on a slot-less double-sided, long, primary short-shuttle linear induction motor used in an electromagnetic launcher, divided the motor into equal sections along the longitudinal direction, calculated the magnetic pressure drop of the closed magnetic circuit formed by adjacent subnodes, and obtained linear equations of the air-gap magnetic density of the nodes. By iteratively calculating the magnetic permeability at each division node of the core yoke portion, the magnetic flux density at each division node of the motor air gap was obtained. Yunkai and Tao [14] presented a model based on the magnetic equivalent circuit method for rapidly evaluating the magnetic field and performance of double rotors and single-stator module axial flux permanent magnet machines; discussed the effects of sensitive parameters on the machine loss and efficiency, including stator outer diameter, permanent magnet axial height, and air-gap length; and calculated the machine air gap, stator teeth magnetic flux density, and induction electromotive force using the proposed method. Zhang et al. [15] built a 3D lumped-parameter magnetic circuit model based on the analysis of the magnetic field distributions at different rotor positions in the machine, derived and solved the node magneto motive force matrix, and then concluded and analyzed the analytical expressions of the main electromagnetic parameters. Gong and Xu et al. [16] developed an accurate lumped parameter magnetic circuit model and computed the relative magnetic reluctances, given the analytical equation of the leakage coefficient of the axial flux permanent magnet motor. Zhang et al. [17] calculated the magnetic flux, flux density, and induced voltage under different electrical excitations of a novel interior permanent magnet hybrid excitation synchronous machine by using the magnetic circuit method. The above studies show that the magnetic circuit method can be applied in the fields of electromagnetic device design, magnetic flux density calculation, magnetic field distribution analysis, and induction electromotive force calculation, and that the technology is quite mature; however, it has not yet been applied to the calculation of unilateral axle-counting sensor induction electromotive force.
China has a vast territory, with different environments in the north and south. Here, the sensors are often installed outdoors with bad conditions, and thus, their structure and parameters need to be adjusted according to the different environmental conditions. Although a 3D FEM can be used to obtain the required parameter values accurately, it is complicated and time-consuming, and thus, is not conducive for the promotion and application of sensors. The magnetic circuit method can provide the design and optimization direction of the sensor quickly and effectively at the beginning of the sensor design according to the different external environment and application conditions, and significantly reduce the calculation time. Therefore, this paper establishes an equivalent magnetic circuit model with different spatial location relations among the sensor, track, and wheel in situations of a train running across the sensor and not, and provides the analytical expression of the reluctance of each part. Then, the induction electromotive force generated in the induction coils is calculated. The results of the 3D FEM and actual measurements, verifying the correctness and rapidity of the proposed method, indicate that this study and our proposed method will provide a theoretical basis and reference for the rapid design and optimization of sensors.
II. STRUCTURE AND WORKING PRINCIPLE OF THE SENSOR
The structure and parameters of the sensor and track are shown in Fig. 1 The working principle of the sensor is shown in Fig. 2 . The key components of the sensor include an excitation coil with an iron core, and two induction coils both without iron core. When a sinusoidal current at a certain frequency is applied to the excitation coil, an alternating magnetic field is produced around the coil, and at the same time, an induction electromotive force ϕ 1 is generated in the induction coils. When a train wheel runs across the sensor, it changes the distribution of the existing magnetic field, which changes ϕ 1 to ϕ 2 , which is the induction electromotive force generated when a wheel runs across the sensor. When the change rate ϕ 2 − ϕ 1 /ϕ 1 × 100% reaches the threshold, the sensor circuit processes the changes to some axle-counting signals. Fig. 2 shows that the excitation coil and induction coils of the sensor are installed on the same side of the track, so that the track only acts as a carrier and can reduce the electromagnetic interference caused by track to the coils. The sensor can judge the train speed and driving direction by detecting the sequence and time interval of the signals produced by the two induction coils. From the above discussion, the structure and function of the proposed sensor are much simpler and more comprehensive than those of other axle-counting sensors.
III. ESTABLISHMENT OF MAGNETIC CIRCUIT MODEL OF THE SENSOR
The calculation of the magnetic field distribution is complicated. Although with the development of computer technology and the maturity of computer software, field computing is increasingly being performed through engineering, there are still many problems to be solved in practical calculation. The magnetic circuit method combined with testing and empirical parameter correction is a simple and fast method, especially in the initial design and optimization process of the product. Therefore, many researchers still use the magnetic circuit method when analyzing an electromagnetic system.
As shown in Fig. 1 , the magnetic field distribution presents obvious 3D features due to the structures and spatial location relations among the wheel, track, excitation coil, and induction coils, and therefore, it is necessary to divide the magnetic flux tube reasonably for calculating the reluctance of each part quickly and accurately.
A. ESTABLISHMENT OF MAGNETIC CIRCUIT MODEL WITHOUT WHEEL
A magnetic circuit without wheel is shown in Fig. 3 . When there is no wheel running across the sensor, the main magnetic flux path comprises path 1 and path 2. The magnetic flux of path 1 is generated by the excitation coil through the iron core, flows into one induction coil and track, and then gets back through another induction coil at the other side and closes in the iron core. The magnetic flux of path 2 flows out from an end face of the iron core and closes back by another end face through the two induction coils. Leakage flux mainly occurs in the air and track, and has following several paths: (1) leakage magnetic flux path 3 merely through the induction coil and air; (2) leakage magnetic flux path 4 through the iron core and air; and (3) leakage magnetic flux path 4 through the iron core, air, and track.
An equivalent magnetic circuit model established based on Fig. 3 is shown in Fig. 4 . In figure 4, 1 -5 is the magnetic flux of each path, R m is the iron core reluctance, R δ1 is the air reluctance between the induction coils and end faces of the iron core in path 1, R δR1 is the air reluctance between the induction coils and track in path 1, R R1 is the track reluctance in path 1, R δ2 is the air reluctance between the induction coils and end faces of the iron core in path 2, R δee2 is the air reluctance between the induction coils in path 2, R δ3 is the air reluctance in path 3, R δ4 is the air reluctance in path 4, R δ5 is the air reluctance in path 5, and R R5 is the track reluctance in path 5.
B. ESTABLISHMENT OF MAGNETIC CIRCUIT MODEL WITH WHEEL
Since wheels are good conductors of magnetic flux, their permeability is much larger than that of air, so magnetic flux tends to flow in the wheels. When a wheel runs across the sensor, the magnetic flux distribution of paths 1 and 2 shown in Fig. 3 is deeply affected by the wheel, which further changes the flux linkage of the induction coils. The magnetic circuit with a wheel is shown in Fig. 5 .
The magnetic field distribution of the entire structure is affected by the wheel. In Fig. 5 , path 6 is a part of the leakage magnetic flux merely through the iron core, air, and wheel. Path 7 is a part of the main magnetic flux generated by the excitation coil through the iron core, flows into one induction coil and wheel, and then gets back through another induction coil at the other side and closes in the iron core. An equivalent magnetic circuit model with a wheel established based on In Fig. 6, 1 -5 is the magnetic flux of each path in case of a wheel running across the sensor. 6 and 7 , respectively, are the magnetic flux of paths 6 and 7. R δ6 is the air leakage reluctance between the iron core and wheel in path 6, R δW6 is the wheel reluctance in path 6, R δ7 is the air reluctance between the induction coil and iron-core end face in path 7, R δeW7 is the air reluctance between the induction coil and wheel in path 7, and R W7 is the wheel reluctance in path 7.
C. CALCULATION OF RELUCTANCE OF EACH PART
In case of a regular system structure, it is more likely to use an analytical method for calculating the magnetic circuit. However, when the structure is complex, even a complex equation cannot solve the problem; this problem is addressed using the magnetic field segmenting method. The realization of this method mainly includes the following procedures. First, the magnetic field distribution law is roughly determined by using the graphic method, and all possible paths of the magnetic flux are estimated. Second, the magnetic field of the entire system is divided into several magnetic flux tubes with regular shape, and the reluctance of each tube is calculated through an analytical method. Finally, the reluctance of the entire system is obtained through a series-parallel connection of each tube.
The reluctance of the magnetic material can be expressed as
where, R means material reluctance, µ is material permeability, L represents average length of magnetic path, A is average cross-section area of magnetic path. Most of the material reluctance with a regular structure can be calculated according to Eq. (1), but for some complex spatial distribution, the cross-section area A cannot be obtained accurately. In this case, we can obtain the reluctance indirectly by calculating the volume of the magnetic flux tube, as shown in Eq. (2).
where, V is volume of the magnetic flux tube. Because of the complexity of the magnetic system structure, which is composed of an excitation coil, an iron core, two induction coils, a track, and a wheel, we analyze and calculate the magnetic circuit of the entire system using an analytical method integrated with the magnetic field segmenting method, and obtain the analytical expression of the induction electromotive force in two situations: with and without a wheel.
In the process of calculation, the following assumptions are made to simplify the calculation: a) Ignore the edge effect; b) Ignore the effect of induction coils on magnetic field distribution; c) Ignore the part of magnetic flux that continues to flow horizontally into the air after through the iron core and induction coils; d) All media materials are isotropic.
1) CALCULATION OF RELUCTANCE OF EACH PART WITHOUT WHEEL
The magnetic flux path and equivalent magnetic circuit model without a wheel are shown in Figs. 3 and 4 , respectively, which show that the axle-counting signals are mainly generated by changes of magnetic flux that pass through the induction coil. Therefore, we can divide the five magnetic flux paths shown in Fig. 3 into three areas, as shown in Fig. 7 , depending on whether the magnetic flux flows through the induction coils. Here, area A shows the leakage magnetic flux without a wheel, which merely passes through the excitation coil and air; area B shows the all leakage magnetic flux which not flow through induction coils except area A without wheel; and area C shows the main magnetic flux that flows through the induction coils without a wheel. 
R mB = 3 8
where,
where, µ 0 means permeability of vacuum, µ r is differential permeability of iron core.
2) CALCULATION OF RELUCTANCE OF EACH PART WITH WHEEL
The magnetic flux path and equivalent magnetic circuit model with a wheel are shown in Figs. 5 and 6 . Similarly to the method described in section III.B., we can divide the seven magnetic flux paths shown in Fig. 5 into the three areas shown in Fig. 8 . Among them, area A shows the leakage magnetic flux with a wheel, which merely flows through the excitation coil and air; area B shows the entire leakage magnetic flux, which does not flow through the induction coils, except area A with wheel; and area C shows the main magnetic flux that flows through the induction coils with wheel. Fig . 8 shows that the wheel has little influence on the magnetic flux path of areas A and B, which can be almost ignored. To reflect the changes in reluctance and magnetic flux because of the emergence of the wheel, the reluctance of areas A , B , and C , respectively, is recorded as R mA , R mB , and R mC , and magnetic flux is recorded as A , B , C . From the principle of axle counting, we only need to focus on the magnetic flux variation of induction coils, which means that we can merely calculate the reluctance and magnetic flux of area C and the reluctance of area C , as shown in Eq. (10). The little shadow at the wheel edge in Fig. 8(b) shows the magnetic flux distribution in the wheel; this is because the high-frequency magnetic flux can only be distributed in a thin layer of the wheel surface, and at the same time, the magnetic permeability of the wheels is much larger than that of air. Therefore, we can ignore the wheel reluctance in reluctance calculation of area C .
. (10) where,
where, H wheel edge is thickness of wheel edge.
D. CALCULATION OF INDUCTION ELECTROMOTIVE FORCE
According to the area division in Fig. 7 , the equivalent magnetic circuit model shown in Fig. 4 can be simplified as that shown in Fig. 9 . According to Fig. 9 , the method of calculating the induced electromotive force without a wheel can be obtained. The Kirchhoff law of a magnetic circuit is shown in Eq. (12):
The equation set of an equivalent magnetic circuit model calculation without a wheel is shown in Eq. (13) according to Eq. (12) .
The induced electromotive force without a wheel can be obtained as shown in Eq. (15) according to Eq. (14) .
Where, ε is induced electromotive force, means flux linkage.
where, ε without wheel is induced electromotive force of induction coils without wheel. Substituting Eq. (3)- (6) into Eq. (13), we can obtain the expression of induced electromotive force without wheel by combining Eq. (15) . According to the area divided in Fig. 8 , the equivalent magnetic circuit model shown in Fig. 6 can be simplified as that shown in Fig. 10 . The equation set of equivalent magnetic circuit model calculation with a wheel is shown in Eq. (16) according to VOLUME 6, 2018 Figs. 8 and 10.
The induced electromotive force with a wheel can be obtained as shown in Eq. (17) , similar to that in Eq. (15):
where, ε with wheel is induced electromotive force of induction coils with wheel. When the relation of ε without wheel and ε without wheel satisfies Eq. (18), the axle-counting signals will be generated by the sensor circuit and output to the axle-counting mainframe |ε with wheel − ε without wheel | ≥ 0.2|ε without wheel |.
From the analysis above, we can see that the axle-counting signals have significant relations with the parameters shown in Table 1 . In initial design of the sensor, in order to make the induced electromotive force satisfy Eq. (18), the spatial configuration of the sensor components and parameters of coils can be selected, calculated, and optimized according to Eq. (15) and Eq. (17), which provides reference direction of the sensor's early design and optimization.
IV. 3D FEM VERIFICATION AND EXPERIMENTAL VERIFICATION
In this section, the 3D FEM and experimental method are used to verify the correctness of the proposed magnetic circuit method for calculating the induced electromotive force. Exciting current is a sinusoidal current with amplitude 40 mA and frequency 250 kHz. Wheels can only be counted when they are in motion, but this paper only considers the influence of wheels on the induced electromotive force; therefore, in the process of magnetic circuit calculation, 3D FEM and actual calculation or measurement are both considered to be under static situations, where the wheel is in the upright top position of the excitation coil.
The above analysis shows that the magnetic field distribution is complex irrespective of whether there is a wheel driving across the sensor, so the 2D FEM used in the magnetic field analysis is not suitable in this study. According to the actual parameters of each component shown in Table 1 , this paper simulates and calculates the whole structure by using 3D FEM software named COMSOL Multiphysics, and provides the induced electromotive force under different situations. The 3D FEM subdivision of the entire structure established by COMSOL is shown in Fig. 11 .
Figs. 12 and 13 are, respectively, the nephogram of magnetic flux density and magnetic force line distribution in the presence and absence of a wheel. The two figures show that the appearance of wheels significantly influences the area C shown in Fig. 7 , which changes the magnetic flux distribution near the rail track head of area C. However, it has little influence on the magnetic flux distribution of areas A and B. These are consistent with the analysis above, showing that the method of dividing the magnetic flux paths shown in Figs. 3 and 4 into three areas is reasonable. Accordingly, the method reduces the complexity and improves the efficiency of reluctance calculation. The induced electromotive force test platform constructed according to the actual parameters in Table 1 is shown in Fig. 14 .
The induced electromotive force amplitude of the induction coils in the presence and absence of the wheel is obtained using the magnetic circuit method, 3D FEM, and actual measurement, as shown in Figs. 15 and 16 . We carried out the calculation, simulation, and experimental measurement of the induced electromotive force changes at different key parameters such as spatial position of each sensor component, coils turns, and excitation current frequency. This paper, however, only lists one of the key parameter that is representative, easyto-compare induction electromotive force amplitude under different excitation current amplitudes, to prove the correctness of the proposed magnetic circuit method. Figs. 15 and 16 show that in the two situations of with and without wheel, the induced electromotive force obtained through the magnetic circuit method is basically consistent with the other two methods; the cause of error is related to the assumptions made in section III.C. C., and the error is less than 5%. FEM and the actual measurement indicate that the proposed magnetic circuit model is appropriate and the division of the magnetic field area is reasonable.
V. CONCLUSION
In this paper, first, the working principle of a unilateral axle-counting sensor is studied; then an equivalent magnetic circuit model including the sensor, track, and wheel under the two situations of with and without wheel based on the magnetic circuit method is established; and second, the magnetic flux area is divided according to the principle and magnetic flux distribution characteristics, and the reluctance numbers and calculation difficulty are reduced effectively. After calculating the reluctance of each area, the analytical expressions of the induced electromotive force are obtained under the two situations. Finally, the speediness and accuracy of the induced electromotive force calculation by using the proposed magnetic circuit method are proved through 3D FEM and actual measurement. This research can improve the design optimization efficiency of the sensor effectively and can also be used as a reference for the design optimization of other electrical equipment. He is currently an Associate Professor with the Harbin Institute of Technology. His current research interests include the study of design of the electrical appliances and smart grid information security.
